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In a previous study, we demonstrated that Trps1-deﬁcient (KO) mice show an expanded renal
interstitium compared to wild-type (WT) mice because the loss of Trps1 affects the mesenchymal–
epithelial transition (MET) in the cap mesenchyme and ureteric bud (UB) branching. Although we
previously elucidated the mechanism underlying the impact of Trps1 on the MET, how Trps1 is involved
in UB branching remains unknown. In the present study, we unveil the molecular mechanisms by which
the loss of Trps1 suppresses UB branching. When we compared gene expression patterns via DNA
microarray analysis using cultured ureteric buds isolated from E11.5 kidneys of WT and KO embryos, we
found aberrant expression of genes associated with the transforming growth factor (TGF)-β⧸Smad3
signaling pathway in the KO UBs. Western blot and immunohistochemistry analyses showed increased
levels of Rb1cc1, Arkadia1, and phosphorylated Smad3 and decreased levels of Smurf2, Smad7, and c-Ski
in the KO embryonic kidneys. In addition, TUNEL staining and immunohistochemical detection of PCNA
revealed that the apoptosis of UB cells was upregulated and, conversely, that cell proliferation was
suppressed. Finally, we demonstrated that the suppression of UB branching in the KO UBs was restored
via the exogenous addition of the Smad3 inhibitor SIS3, whereas the addition of TGF-β1 accelerated the
suppression of UB branching in organ cultures of both isolated UBs and whole embryonic kidneys.
Considering these results, we conclude that UB branching is suppressed through increased activation of
the TGF-β⧸Smad3 signaling pathway when Trps1 is lost.
& 2013 Elsevier Inc. All rights reserved.Introduction
TRPS1 is the gene responsible for the Tricho-rhino-phalangeal
syndromes, which are characterized by sparse and slow-growing
scalp hair as well as craniofacial and skeletal abnormalities
(Momeni et al., 2000). Trps1-deﬁcient (KO) mice die within 6 h
of birth due to respiratory failure stemming from incomplete
formation of the tracheal cartilage (Suemoto et al., 2007). Trps1
is expressed not only in the cartilage but also in the internal
organs, including the kidneys (Gai et al., 2011). We previously
found that Trps1 functions downstream of Bmp7 and is essential
for nephron formation (Gai et al., 2009). Metanephric kidneys
develop via a program of reciprocal inductive interactions
between the ureteric buds (UBs) and the nephrogenic mesench-
yme (Faa et al., 2012). Brieﬂy, signals from the UBs promote the
survival of the metanephric mesenchymal cells, cause the cells to
condense, and promote the mesenchymal–epithelial transitionll rights reserved.
(Y. Muragaki),(MET), leading to the formation of the renal tubules. Concomi-
tantly, signals from the mesenchymal cells stimulate the growth
and branching of the UBs, which ultimately form the collecting
ducts (Nigam and Shah, 2009). The overall pattern of the devel-
oping kidneys is determined in large part by this developing
UB/collecting duct system, and defects in this system cause a
variety of clinically signiﬁcant renal diseases (Lee et al., 2010). To
examine how cell behavior in the developing UB/collecting duct
system is controlled, it is important to understand both normal
and abnormal kidney development.
To investigate the role of Trps1 during kidney development, we
generated Trps1 KO mice (Suemoto et al., 2007). The Trps1 KO
mice displayed a decreased number of hair follicles and craniofa-
cial and skeletal defects, similar to the phenotypic characteristics
of human TRPS patients (Suemoto et al., 2007). During the process
of normal embryonic development, Trps1 is expressed in the
mesenchymal cells of the lung, gut, kidney, and other tissues
(Gai et al., 2011). Histological analysis showed that the kidneys of
newborn Trps1 KO mice exhibited fewer tubules and glomeruli, an
expanded renal interstitium, and numerous uninduced metaneph-
ric mesenchymal cells compared to the kidneys of the WT mice
(Gai et al., 2009). We also previously demonstrated that the Bmp7/
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mouse embryonic renal development (Gai et al., 2009). We deter-
mined that Trps1 is present in the epithelial cells of the UBs as well
as in the cap mesenchyme and renal vesicles of WT mice, whereas it
is virtually absent in the UBs, cap mesenchyme, and renal vesicles of
Bmp7 null mice. Bmp7 induces a mesenchymal-to-epithelial transi-
tion (MET) in cultured metanephric mesenchymal cells by inducing
Trps1 and E-cadherin instead of vimentin, and knockdown of Trps1
via siRNA abrogates this Bmp7-induced MET. Furthermore, whole-
mount in situ hybridization to detect Wnt9b and Wnt4 revealed
prolonged branching of the UBs and sparse distribution of the cap
mesenchyme in E14.5 kidneys from Trps1 KO mice. These ﬁndings
indicated that Trps1 is essential for normal nephron formation,
mediating the MET through the Bmp7 signaling pathway during
early renal development. However, how Trps1 regulates UB branch-
ing is still unknown.
The branching morphogenesis of the UB is an iterative, yet
simultaneous, process that can be separated into four stages:
outgrowth of the UB from the Wolfﬁan duct, rapid and iterative
branching of the UB, deceleration of UB branching accompanied by
the metanephric mesenchyme, and termination of branching and
completion of mesenchymal differentiation (Shah et al., 2004).
Each of these stages is characterized by a distinct network
structure of gene and protein interactions that confer varying
levels of resistance to mutation (Nigam and Shah, 2009). Glial-
derived neurotrophic factor (GDNF)/c-Ret/Wnt11 signaling is a
major positive regulator of UB branching in the metanephros
(Costantini, 2010). GDNF is released from mesenchymal cells and
interacts with the c-Ret receptors expressed in the UB tips to
induce branching (Faa et al., 2012). As organogenesis comes to
completion, UB branching slows due to negative feedback. It has
been suggested that members of the TGF-β superfamily are the
primary molecules involved in the inhibition of branching, and
there is evidence that the negative signals may arise from the
mesenchymal cell surface (Bush et al., 2004).
TGF-β has been explored as an arbiter of tubule spacing in other
branching systems, where TGF-β repulses epithelial cell processes
to space out the branches of the epithelial tree (Nelson et al.,
2006). The ligands and components of the downstream pathways
are modulated in time and space during embryonic development,
leading to diverse cellular responses. TGF-β2 null mice exhibit
severe renal dysplasia with renal tubular dilation and epithelial
degeneration (Sims-Lucas et al., 2008). It has been shown that the
addition of exogenous TGF-β1 to an isolated UB culture system
decreases UB growth and branching (Bush et al., 2004), although
the details of the underlying mechanism are unclear. In a previous
study, we implicated Trps1 as the principal mediator of the
tubulointerstitial ﬁbrosis induced by unilateral ureteral obstruc-
tion and described the contribution of Trps1 as a TGF-β inhibitor in
renal tubular epithelial cells (Gai et al., 2010). The purpose of the
present study is to determine the molecular mechanisms involved
in the progress of UB branching under the regulation of Trps1.Materials and methods
Isolated UB and embryonic kidney cultures
UBs were isolated from E11.5 kidneys and cultured in Matrigel
(BD Biosciences) with DMEM/F12 growth medium supplemented
with 125 ng/ml GDNF (R&D Systems), 250 ng/ml FGF1 (R&D
Systems), and 2.5 μg/ml Pleiotrophin (R&D Systems) (Perantoni,
2003). Whole kidneys isolated from E12.5 WT and Trps1 KO embryos
were cultured on Transwell ﬁlters (Costar) in individual wells of a 12-
well culture dish containing 800 μl of DMEM/F12 medium (Invitro-
gen) supplemented with 10% FBS. After 4 days of culture, the UBswere analyzed for growth and branching and subjected to RNA
extraction. The experiments were repeated 3 times, and each
experiment involved 4 UBs from each of the WT and KO mice
(n¼12). For rescue experiments, 1 ng/ml TGF-β1 (R&D Systems) or
5 μM SIS3, a Smad3 inhibitor (Santa Cruz), was added to the medium.
Quantiﬁcation of UB growth and branching
To evaluate and quantify branching in the cultured UBs, photo-
micrographs were taken using a camera (Cannon, Japan) attached to a
stereomicroscope (KEYENCE, Japan) and were analyzed using Image-
Pro software (Media Cybernetics, Carlsbad, CA). The morphometric
measurements included the number of tips as a correlative measure of
the number of branching events and the stalk length between
branching events. These procedures were performed in duplicate for
each tracing, and each assay was performed a minimum of 3 times.
For all of the measurements described above, the error bars represent
the standard errors of the mean. P values were calculated using
Student's t test.
DNA microarray analysis
The UBs were removed from the Matrigel on day 4 of culture,
and total RNA was isolated from batches of 35 pooled UBs using
TRIzol (Invitrogen) and the RNeasy Mini Kit (Qiagen). The RNA
(1 μg) obtained from the WT and KO UBs was quantiﬁed and
checked for integrity using an Agilent 2100 bioanalyzer. A Gene-
Chip Array (Mouse Gene 1.0 ST Array, Affymetrix) was used to
determine the gene expression levels of the UBs in the WT and KO
mice. Comparisons of samples and statistical analyses were con-
ducted with a GeneChip 3000 Scanner using the Comparison Analysis
feature to identify genes that were differentially expressed in the two
groups.
Whole-mount in situ hybridization (ISH)
c-Ret probes were generated through in vitro transcription
with digoxygenin (DIG)-labeled dNTPs (Roche). E14.5 embryonic
kidneys from WT and Trps1 KO mice were ﬁxed in ice-cold
methanol and then in 4% formaldehyde overnight. The kidneys
were subsequently processed according to a previously described
protocol (Lee et al., 2010), with some modiﬁcation. After hybridi-
zation and washing, the tissues were blocked using 5% milk and 2%
blocking powder (Roche) in Tris-buffered saline and incubated
overnight with alkaline phosphatase-labeled anti-DIG antibodies
in blocking solution. The antibody reactions were visualized with
9.4 mg/ml BCIP and 18.75 mg/ml nitro blue tetrazolium in devel-
oping buffer (0.1 M NaCl, 0.1 M Tris HCl, pH 9.5, 50 mM MgCl2,
0.1% Tween 20).
Immunohistochemistry
Whole kidneys dissected at time points from E12.5 to E16.5
were ﬁxed in 4% paraformaldehyde (PFA), and sections of the
kidneys were then incubated in 0.1% Triton X-100/phosphate
buffered saline (PBS) for 10 min at room temperature, blocked
for 1 h in 5% milk and incubated with primary antibodies over-
night at 4 1C. Primary antibodies were purchased from the indi-
cated companies and were diluted as follows: anti-GDNF (Santa
Cruz, 1:100), anti-Ret (Santa Cruz, 1:100), anti-TGF-β1 (Aviva,
1:200), anti-phosphorylated Smad3 (p-Smad3) (Acris, 1:200),
anti-Smad7 (Santa Cruz, 1:100), anti-Smurf2 (Santa Cruz, 1:100),
anti-Ski (Abcam, 1:100), anti-pp38 MAPK (Acris, 1:100),
anti-Rb1cc1 (Proteintech, 1:50), anti-Arkadia1 (Santa Cruz,
1:100), and anti-PCNA primary antibody (Abcam, 1:100). All of
specimens subjected to reaction with these antibodies, except for
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then incubated with either Cy3-labeled anti-rabbit IgG, or Cy3-
labeled anti-goat IgG (Invitrogen) secondary antibody (1:500) for
1 h. After rinsing again with PBS, the sections were incubated with
an anti-pan-cytokeratin (Sigma, 1:300) antibody for 1 h at room
temperature to stain the UBs. Following another rinse with PBS,
the sections were incubated with an FITC-labeled anti-mouse
secondary antibody (Invitrogen, 1:500) for 1 h. Finally, the sections
were mounted with VECTASHIELD mounting medium (Vector
Laboratories) and photographed under a ﬂuorescence microscope
(KEYENCE, Japan). For PCNA detection, the sections were incu-
bated with an HRP-labeled anti-mouse secondary antibody (Invi-
trogen, 1:500) for 1 h, then stained with DAB (Dako) and
photographed under a microscope (Olympus).
Whole-mount immunohistochemistry
Whole kidneys cultured on Transwell ﬁlters were ﬁxed for 30 min
with 4% PFA in PBS, permeabilized for 1 h with 1% Triton X-100 in0
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Fig. 1. Decreased levels of GDNF and Ret in Trps1 KO embryonic kidneys. (A) Whole-mo
WTmiceand age-matched Trps1 KO mice. Scale bar: 200 μm. (B) Comparison of the num
Data are presented as the means77SD from four samples. *Po0.01. (C) The relative l
embryos. Data are presented as the means77SD from four samples. (D) and (E) Represe
KO embryonic kidneys at E12.5, E14.5, and E16.5. The ureteric buds were stained with cy
and green signals is indicated by yellow. Scale bars: 100 μm.PBS, and blocked with 3% BSA in PBS. After incubation overnight with
an anti-pan-cytokeratin (Sigma, 1:300) antibody, the kidneys were
washed for a total of 10 h with several changes of 0.1% Triton X-100
in PBS. FITC-labeled anti-mouse secondary antibodies (Invitrogen,
1:500) were added and incubated overnight. After extensive washing
with 0.1% Triton X-100 in PBS, the kidneys were mounted with
glucose on glass slides and photographed under a confocal micro-
scope (Zeiss).
Quantitative real-time PCR (qRT-PCR)
First-strand cDNA was synthesized using the total RNA isolated
fromwhole kidneys dissected from E14.5 and E16.5 embryos using
SuperScript III reverse transcriptase (Invitrogen) according to the
manufacturer's instructions. qRT-PCR was performed using an ABI
7500 instrument, and the results were analyzed using the QIAGEN
PCR assay analysis website. Primers were designed according
to ABI guidelines, and all reactions were performed using
Power SYBR Green PCR Master Mix (Applied Biosystems),E12.5 E16.5E14.5
E12.5 E16.5E14.5
unt in situ hybridization of Ret was performed in kidneys from E14.5 WT and E16.5
ber of ureteric bud tips in kidneys from E14.5 and E16.5 WT and Trps1 KO embryos.
evels of GDNF and c-Ret mRNA in kidneys from E12.5, E14.5, and E16.5WT and KO
ntative immunoﬂuorescence images of GDNF (D) and RET (E) expression in WT and
tokeratin (green) and are indicated by arrows. Note that the localization of the red
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reaction volume. The following PCR protocol was used: 50 1C for
2 min; 95 1C for 10 min; and 40 cycles of 95 1C for 15 s and 60 1C
1 min. All samples were run in quadruplicate in three independent
experiments and the results were normalized against the endo-
genous internal control GAPDH. The qRT-PCR primers are listed in
supplementary Table S2.
Western blot
Embryonic kidneys were homogenized in ice-cold buffer contain-
ing 100 mmol/l NaCl, 1% Triton X-100, 10% glycerol, 50 mmol/l HEPES,
pH 7.4, and 1 mmol/l EDTA with protease inhibitors. After electro-
phoresis and transfer to nitrocellulose membranes, the membranes
were blocked overnight with 5% nonfat milk and were incubated
with anti-p-Smad3 (Acris, 1:1000), anti-Smad3 (Cell Signaling,
1:1000), anti-Smad7 (Santa Cruz, 1:1000), anti-Smurf2 (Santa Cruz,
1:1000), anti-Ski (Abcam, 1:500), anti-phosphorylated p38 (p–p38)
MAPK (Acris, 1:500), anti-Rb1cc1 (Proteintech, 1:500), and anti-
Arkadia1 (Santa Cruz, 1:500) antibodies. β-Actin antibodies (Invitro-
gen) were used as a control for normalization.
TUNEL staining
TUNEL staining was performed using a TACS TdT Kit (R&D
Systems). Following digestion with 20 μg/ml proteinase K for
15 min at room temperature, the sections from the E14.5 kidneys
were peroxidase quenched with 30% H2O2 and sufﬁcient amount
of TUNEL reaction mixture was added to cover each section. The slides
were then incubated in a humidiﬁed chamber for 60 min at 37 1C.
After the reaction was stopped, the slides were counter-stained withday 1 day 4
WT
KO
Fig. 2. Ureteric bud branching is affected by the loss of Trps1. (A) Phase contrast photo
GDNF Matrigel for 1 day or 4 days. Scale bar: 100 μm. (B) and (C) Quantitative morphome
are presented as the means7SD in bar graphs created by ImageJ Pro. *Po0.05 compar0.5% methyl green and examined by light microscopy. The number of
TUNEL-positive cells per UB was counted in each kidney section
(n¼10 kidneys per group, three sections per kidney), and the mean
number of TUNEL-positive cells per UB and kidney was calculated.ELISA
Embryonic kidneys were homogenized with 0.1 ml lysis buffer
(10 mM PBS, 0.1% SDS, 1% Nonidet P-40, and 5 mM EDTA) containing
Complete Protease Inhibitor Mixture (Roche Diagnostics). The homo-
genates were centrifuged at 18,000 g for 10 min. The supernatants
were subjected to ELISA. Total activated TGF-β1 protein was mea-
sured with commercially available ELISA kits (Invitrogen) according
to the manufacturer's recommendations. The total protein concen-
tration of the supernatant was measured with a commercial kit (BCA
Protein Assay Kit, Pierce). The data are expressed as the TGF-β1
concentration (pg/ml) relative to the amount of total protein (mg/ml)
in each sample (Ishida et al., 2012).Study approval
All of the animal experiments conducted in this study were
approved by the Committee on Animal Care and Use at Wakayama
Medical University.Statistics
A t test with unequal variance was used to compare the
two sets of data. Po0.05 was considered statistically signiﬁcant.0
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Table 1
DNA microarray analysis of cultured ureteric buds from wild-type (WT) and Trps1-
T. Gui et al. / Developmental Biology 377 (2013) 415–427 419All in vitro and in vivo experiments were repeated three times and
the results are presented as the means7SD.deﬁcient (KO) mice.
Gene Symbol WT KO KO/WT ratio
Cpa1 423.03 1269.09 3
Smad3 2745.63 7330.83 2.67
Kdm5d 310.81 699.32 2.25
Arkadia1 1715 3872 1.55
Smad1 1891.32 2931.55 1.55
Smad5 2660.71 3891.61 1.46
Arkadia2 780 929 1.19
Smad4 3962.13 4288.39 1.08
Smad7 1017.52 432.01 0.42
Hoxa13 422.81 224.09 0.53
Smurf2 3957.37 2352.66 0.59
Crxos1 317.11 171.24 0.54Results
UB branching is suppressed in embryonic kidneys and cultured UBs
from Trps1 KO mice
It has been proposed that the UBs stem from Wolfﬁan ducts and
that rapid feed-forward branching represents the ﬁrst broad branch-
ing stage of kidney development (Wu and Hill, 2009). During this
stage, glial cell line-derived neurotrophic factor (GDNF)/c-Ret signal-
ing is an important positive regulator of UB branching (Costantini
and Shakya, 2006). Therefore, we ﬁrst performed whole-mount ISH
using kidneys from WT and Trps1 KO embryos. At E14.5 and E16.5,
c-Ret mRNA expression was detected in the tips of the UBs as
previously reported (Costantini, 2010), although no difference in
staining intensities was observed between the WT and KO kidneys.
The numbers of UB tips in the KO kidneys were decreased to 46% and
59% of the numbers observed in WT kidneys on E14.5 and E16.5,
respectively (Fig. 1, A and B). Next, we examined the mRNA levels of
GDNF and c-Ret. There were no clear differences in mRNA expression
observed between E12.5 kidneys from the WT and KO mice (Fig. 1C).
However, on E14.5 and E16.5, mRNA expression was decreased in the
KO kidneys (Fig. 1C). Immunohistochemistry analysis showed
decreased levels of GDNF (Fig. 1D) and Ret (Fig. 1E) in the mesench-
ymal cells and UBs, respectively, in the KO kidneys on both E14.5 and
E16.5, whereas there were no signiﬁcant differences in the levels of
these protein observed on E12.5. These results suggest that decreased
levels of GDNF and Ret may act as positive regulators contributing to
the suppression of UB branching during late stages, as no alterations
of these regulators were observed during the early stages of UB
branching in the WT and KO embryonic kidneys.
To exclude any inductive interference from metanephric
mesenchymal cells on the UBs, we isolated T-shaped UBs from
E11.5 embryonic kidneys, performed 3D culture of the UBs in
Matrigel, and compared the branching patterns of the UBs from
Trps1 KO kidneys with those fromWT kidneys. T-shaped UBs from
KO kidneys showed no differences in size or shape compared to
the WT UBs (Fig. 2A), suggesting that Trps1 has no effect on the
growth of UBs from the Wolfﬁan ducts. However, on day 4 of
culture, a clear difference in UB branching appeared between the
WT and KO UBs (Fig. 2A). Quantiﬁcation of the cultured UBs
revealed that the KO UBs exhibited decreased numbers of tips and
branching compared to the WT UBs (Fig. 2B). In addition, the
length of the stalk in the KO UBs was longer than that in the WT
UBs (Fig. 2C). These results suggest that the loss of Trps1 directly
affects UB growth and branching.
Expression of genes in the TGF-β signaling pathway is altered in Trps1
KO UBs
To identify genes whose expression is altered by the loss of Trps1,
we conducted a DNAmicroarray analysis using isolated UBs fromWT
and Trps1 KO kidneys. We found that several genes associated with
the TGF-β signaling pathway were included in the list of differentially
expressed genes (Table 1). In the Trps1 KO UBs, the levels of Smad3
and Arkadia1 expression were increased 2.67-fold and 2.26-fold,
respectively, compared to WT UBs, whereas the levels of Smad7 and
Smurf2, which are inhibitors of TGF-β signaling, were decreased by at
least 50%. Although the levels of Cpa1, Kdm5d, Hoxa13, and Croxos1
expression were also altered, further analysis showed that these
differences were not signiﬁcant.
Genes regulated by GDNF, such as those encoding a secreted factor
(Wnt11), a receptor (Ret), a regulator of signal transduction (Spry1),and transcription factors (Etv4 and Etv5) (16), did not display
signiﬁcant differences in their mRNA expression levels between the
WT and KO UBs (supplementary Table S1), consistent with the mRNA
levels observed for GDNF and c-Ret in E12.5 kidneys, as described
previously. The levels of Pax2 and Pax8, for which double hetero-
deﬁciency has been reported to cause a reduction in the numbers of
UB tips and nephrons (Narlis et al., 2007), were not changed between
the WT and KO UBs (supplementary Table S1). Additionally, the
mRNA levels of various ﬁbroblast growth factors (FGFs), which
regulate Etv4 and Etv5, showed no signiﬁcant differences between
the WT and KO UBs (supplementary Table S1). Taken these ﬁndings
together, it was concluded that the reduction of UB branching
observed in the Trps1 KO UBs was caused not by dysregulation of
positive regulators, but by negative regulation of TGF-β signaling
molecules.
Expression levels of genes in the TGF-β/Smad3 signaling pathway are
altered in Trps1 KO embryonic kidneys
A previous study demonstrated that members of the TGF-β
superfamily exhibit strong inhibitory effects on the development
of UBs (Bush et al., 2004). Accordingly, based on our DNA array
results showing that the levels of several regulators of the TGF-β
signaling pathway were altered, we hypothesized that TGF-β
signaling might affect UB branching.
First, we compared Arkadia1 and Rb1cc1 expression between
the WT and Trps1 KO kidneys at both the mRNA and protein levels.
When Arkadia1, an E3 ubiquitin ligase, binds with Rb1cc1,
enhancement of TGF-β signaling occurs through targeting inhibi-
tors Smad7, c-Ski, and SnoN (Koinuma et al., 2011). Both Arkadia1
and Rb1cc1 mRNA levels increased in the Trps1 KO kidneys to
levels much higher than those found in the WT kidneys (Fig. 3).
The Western blot results showed a similar pattern in the corre-
sponding protein levels (Fig. 4). Furthermore, immunoﬂuorescence
analysis clearly showed strong staining of Arkadia1 and Rb1cc1 in
the UBs and collecting ducts of the Trps1 KO kidneys on E14.5 and
E16.5, whereas only faint staining was observed in the same
regions of the WT kidneys (Fig. 5A and B).
Next, we examined Smad7 and c-Ski expression in the WT and
Trps1 KO kidneys from E14.5 to E16.5. There were no signiﬁcant
differences in the Smad7 and c-Ski mRNA levels observed at E14.5
and E16.5 between WT and Trps1 KO kidneys (Fig. 3). However,
the levels of these proteins were dramatically reduced in the Trps1
KO kidneys compared to the WT kidneys, as determined by
Western blot (Fig. 4). As mentioned previously, Arkadia1 binds to
Rb1cc1 and induces the ubiquitylation of Smad7 and c-Ski, which
explains why the observed protein levels do not parallel the mRNA
levels. In addition, the immunoﬂuorescence analysis revealed very
weak staining of Smad7 and c-Ski in the UBs and collecting ducts
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Fig. 3. Expression of Genes in the TGF-β signaling pathway is altered in Trps1 KO UBs. The relative expression of Arkadia1, Rb1cc1, Smad7, c-Ski, Smurf2, and Smad3 mRNA
was compared in E14.5, E16.5, and E18.5 kidneys from WT and KO embryos as determined by qRT-PCR. (n¼7 for each genotype) *Po0.05 compared to WT embryos of the
same age based on a t test. The experiments were performed in quadruplicate.
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WT UBs and collecting ducts; however, positive c-Ski staining was
observed not only in the UB tips but also in the WT mesenchymal
stromal cells (Fig. 5C and D).
Smad ubiquitin regulatory factor 2 (Smurf2) negatively regulates
TGF-β signaling by attenuating Smad3 activity, rather than promoting
its degradation (Tang et al., 2011). We examined Smurf2 expression
using qRT-PCR and found that the expression levels increased in WT
kidneys in a time-dependent manner, whereas the mRNA levels in
the Trps1 KO kidneys showed no change during kidney development
(Fig. 3). Western blot analysis also showed that the levels of Smurf2
protein were lower in the Trps1 KO kidneys than in the WT kidneys
(Fig. 4). Finally, immunoﬂuorescence results conﬁrmed that Smurf2
protein expression was signiﬁcantly reduced in the KO kidneys at
E14.5 and E16.5, whereas intense staining of Smurf2 was observed in
the UB epithelial cells of WT kidneys (Fig. 5E).
Given the critical roles of TGF-β signaling in kidney develop-
ment (Lee et al., 2010), phosphorylated Smad3 (p-Smad3) is
predicted to be central to the inhibition of UB branching. To test
this hypothesis, we performed an immunoﬂuorescence analysis to
visualize p-Smad3 in the developing kidneys using an anti-p-
Smad3 antibody. P-Smad3 was readily detected in the nuclei of the
KO UB cells, especially in the tips, whereas only a few p-Smad3
expressing cells were observed in the WT UB tips, although
positive staining was observed in other cells, including the cap
mesenchyme cells and the stromal cells (Fig. 5F). In addition,
Western blot analysis showed an increased amount of total and
phosphorylated Smad3 in the KO kidneys compared to the WT
kidneys (Fig. 4). However, the Smad3 mRNA levels markedly
declined from E14.5 to E16.5 in the WT kidneys, whereas no
changes were observed in the Trps1 KO kidneys (Fig. 3).
The expression of TGF-β1 and phosphorylated-p38 (p-p38) is
upregulated in Trps1 KO embryonic kidneys
To examine whether the increased levels of Smad3 phosphor-
ylation were caused by a direct increase in TGF-β1, we examined
TGF-β1 levels in the kidneys of E14.5 and E16.5 embryos using
ELISA. The total amount of TGF-β1 was found to be signiﬁcantlyincreased in the KO kidneys compared to the WT kidneys (Fig. 6A).
In addition, the immunoﬂuorescence analysis generally revealed
intense staining of TGF-β1 in the cap mesenchyme, UB tips, and
renal vesicles in the Trps1 KO kidneys. However, only slight
positive staining was observed in the cap mesenchyme on E14.5,
and virtually no positive staining was detected in the stromal cells
of E16.5 WT kidneys (Fig. 6B).
As it has been reported that TGF-β induces the phosphorylation of
p38 (Fujita et al., 2010), we performed immunoﬂuorescence to
examine the extent of p-p38 localization during UB morphogenesis.
We found intense p-p38 staining in the UB tips, renal vesicles, and
cap mesenchyme of the Trps1 KO kidneys (Fig. 6F). Conversely,
virtually no staining was observed in the WT UBs, although weak
positive staining was detected in other cells types in the WT kidneys
(Fig. 6F). The total p38 mRNA levels were not signiﬁcantly different
between theWTand KO kidneys (Fig. 6C), whereas the level of p-p38
protein was increased in the KO kidneys compared to the WT
kidneys, which is consistent with the immunoﬂuorescence results
(Fig. 6D and E). These data indicate that the loss of Trps1 promotes of
TGF-β1/Smad3 signaling, which directly affects UB branching.
Trps1 regulates cell proliferation and apoptosis in UB tips during
normal UB branching
A balance between cell proliferation and apoptosis is important
in UB branching and nephron formation (Sheibani et al., 2007).
To determine whether this balance was affected in the Trps1 KO
kidneys, cell proliferation and apoptosis in the UBs was examined
in E14.5 kidneys using PCNA staining and TUNEL assays.
The immunohistochemistry analysis of PCNA clearly showed
that the number of PCNA-positive cells was signiﬁcantly decreased
in the KO UB tips and in the whole KO kidney compared to the WT
kidneys (Fig. 7A and B). In regard to apoptosis, the numbers of
TUNEL-positive cells in both the whole kidney and the UBs were
increased in the Trps1 KO compared to the WT kidneys (Fig. 7C
and D). The changes in both TUNEL and PCNA staining were
mainly observed in the UB tips. These ﬁndings indicate that Trps1
has a preferential inhibitory effect on apoptosis and a stimulatory
effect on cell proliferation in UB cells during UB branching.
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embryonic kidneys
To further examine whether TGF-β1/Smad3 signaling plays a
crucial role in UB branching, isolated UBs and whole embryonic
kidneys were cultured in the presence of TGF-β1 or the Smad3
inhibitor SIS3. In the isolated UB cultures, growth and branching
were dramatically inhibited by the addition of exogenous TGF-β1in both WT and KO UBs (Fig. 8A). The whole embryonic kidneys
treated with TGF-β1 also showed a reduced number of UB
branching and thicker UB tips in both the WT and KO kidneys
(Fig. 8B). By contrast, the addition of exogenous SIS3 to the isolated
UBs restored the growth and branching of the KO UBs to the same
levels as in the WT UBs (Fig. 8A). In addition, SIS3 treatment
rescued the UB growth and branching in the KO whole embryonic
kidneys (Fig. 8B). Taken these ﬁndings together, we concluded that
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Fig. 5. Increased levels of Arkadia1, Rb1cc1, and phosphorylated Smad3 and decreased levels of Smurf2, Smad7, and c-Ski in KO embryonic kidneys. Representative
immunoﬂuorescence images are shown forArkadia1 (A) Rb1cc1 (B) Smad7 (C) c-Ski (D) Smurf2 (E) and p-Smad3 (F) expression in E14.5 and E16.5 kidneys from WT and KO
embryos.The ureteric buds were stained with cytokeratin (green) and are indicated by arrows. The nuclei are stained for c-Ski and p-Smad3, whereas the cytoplasm is
stained for the other molecules. Note that the localization of the red and green signals is indicated in yellow and that Arkadia1, Rb1cc1, Smad7, and Smurf2 are present only
in the ureteric buds. Scale bars: 100 μm.
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regulates the morphogenesis of UB branching.Discussion
We previously reported that Trps1 is a key transcriptional
repressor that plays an important role in the regulation of kidneydevelopment (Gai et al., 2009). We demonstrated that Trps1
functions downstream of Bmp7 in kidney development and that
loss of Trps1 affects the mesenchymal-to-epithelial transition and
UB branching (Gai et al., 2009). However, the exact mechanism
underlying the suppression of UB branching due to the loss of
Trps1 remains unknown. In this study, we focused on the mechan-
ism underlying the Trps1 mediation of UB branching during
kidney development.
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and KO UBs observed in the Matrigel cultures, we assumed that UB
branching was regulated by genes whose expressionwas altered in
the UBs by the loss of Trps1. We therefore employed the isolated
UBs cultured in Matrigel for DNA array analysis. Although the
expression levels of GDNF and c-Ret decreased after E14.5 in the
Trps1 KO kidneys, the expression of genes regulated by GDNF was
not changed in the cultured Trps1 KO UBs. Because the signaling
molecules downstream of GDNF/Ret (Shakya et al., 2005) and FGFs
(Trueb et al., 2012), which regulate pro-UB outgrowth and early
stage branching, were not found to be altered in the DNA array
results for the Trps1 KO UBs, we concluded that these positive
regulators were not the main cause of the inhibition of UB
branching due to the loss of Trps1.
The fact that several genes involved in the TGF-β⧸Smad3 signaling
pathway were included in the DNA array results provided further
support for the notion that the loss of Trps1 may inﬂuence TGF-β
signaling. By examining the changes in the expression levels of these
genes via qRT-PCR, Western blot, and immunohistochemistry in
E14.5 and E16.5 embryonic kidneys, we conﬁrmed that regulatory
molecules involved in the TGF-β signaling pathway were dysregu-
lated in Trps1 KO UBs. In addition to these signaling molecules, the
ELISA and immunohistochemistry showed that the expression of
TGF-β itself was upregulated. In the TGF-β/Smad3 pathway, various
negative and positive regulators acting in the cytoplasm or the
nucleus have been identiﬁed. Some of the positive regulators exert
their effects by modulating the function of the negative regulators
(Gui et al., 2012). It has been reported that Arkadia1 induces the
ubiquitylation and proteasome-dependent degradation of three
important negative regulators of TGF-β signaling: Smad7, c-Ski, and
SnoN (Le Scolan et al., 2008). In addition, the cell regulatory protein
Rb1cc1 has been reported to be a binding partner of Arkadia1 and
can positively control TGF-β signaling by enhancing the activity ofArkadia1 to ubiquitynate c-Ski and Smad7, but not SnoN (Koinuma
et al., 2011). It is therefore possible that Arkadia1, Rb1cc1, and Smurf2
are individually upregulated by the loss of Trps1, resulting in a
decrease in Smad7 in KO UBs. As we found several GATA sites in the
promoter regions of the Arkadia1 and Rb1cc1 genes, it is likely that
Trps1 binds to these sites to suppress the expression of these genes.
This idea is in line with the fact that both Arkadia1 and Rb1CC1
showed strong staining, while Smad7 and c-Ski were effectively not
stained in the KO UBs. Ultimately, TGF-β signaling in the epithelial
cells of the KO UBs is doubly promoted by the inhibition of the
negative regulator Smad7 and the TGF-β-mediated increase in
p-Smad3 activation.
Smad7 was ﬁrst described as an inducible antagonist of TGF-β-
mediated signaling upon TGF-β activation (Lan and Chung, 2012;
Zhu et al., 2011). Smad7 was found to be stably associated with the
TGF-β receptor complex and to block the phosphorylation of
Smad2/3 upon TGF-β stimulation (Zhu et al., 2011). Adenovirus-
induced overexpression of Smad7 in embryonic mouse lungs in
culture prevented the TGF-β-mediated inhibition of both lung
branching morphogenesis and epithelial cell differentiation, which
is indicative of potential Smad7 activity in lung development
(Wu and Hill, 2009; Fujita et al., 2004; Zhu et al., 2011). Additionally,
a decreased level of Smad7was found to be closely associated with the
suppression of UB branching in Trps1 KO kidneys in this study.
The c-Ski protein represses Smad2/3 activity in the nucleus
through the transactivation of TGF-β target genes by disrupting
active complexes of Smad2/3 and Smad4 and by blocking the
binding of transcriptional co-activators (Javelaud et al., 2011). c-Ski
expression may be downregulated by TGF-β, which rapidly
induces the poly-ubiquitination and degradation of c-Ski in a
proteasome-dependent manner, allowing TGF-β target gene trans-
activation (Suzuki et al., 2004). Based on the results of this study,
we propose that c-Ski protein levels are decreased in the KO UB
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+ TGF-β1 + SIS3
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Control
Fig. 8. TGF-β1/Smad3 signaling regulates UB branching in both isolate UBs and whole kidneys in WT and KO embryonic kidneys. Isolated UBs (A) and whole embryonic
kidneys (B) were cultured for 4 days without further treatment (Control) or with either TGF-β1 (1 ng/ml) (þTGF-β1) or the Smad3 inhibitor SIS3 (5 μM) (þ SIS3). The UBs in
the whole embryonic kidneys (B) were stained with an anti-cytokeratin antibody (green). Note that TGF-β1 suppressed UB branching in both WT and KO UBs and whole
kidneys, whereas the Smad3 inhibitor SIS3 restored the branching in the KO UBs to the same levels as in WT UBs. Scale bar: 100 μm (A), 200 μm (B).
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the nucleus to trigger gene expression.
It has been reported that TGF-β-mediated, Smad3-dependent
transcriptional responses are elevated in the absence of Smurf2
(Tang et al., 2011). Smurf2 induces the mono-ubiquitination of
Smad3, leading to Smad3 degradation in proteasomes, which may
affect the nuclear levels of Smad3 (Tang et al., 2011). Smurf2 plays a
more prominent role in regulating planar cell polarity than Smurf1
(Narimatsu et al., 2009). Because planar cell polarity is often
associated with renal cystogenesis and decreases during UB branch-
ing (Luyten et al., 2010), it is possible that the downregulation of
Smurf2 observed in the Trps1 KO UBs may also affect planar cell
polarity, resulting in suppression of UB branching. According to the
depiction of the TGF-β signaling mechanisms presented above, we
have summarized a possible mechanism underlying the aberration of
UB branching in Trps1 KO UBs in Fig. 9.It has been suggested that a balance of cell proliferation and
apoptosis is important in UB branching and nephron endowment
(Dziarmaga et al., 2006). Disruption of the regulatory mechanisms
that control these events has been implicated in the pathogenesis of
renal hypoplasia (Dziarmaga et al., 2006), which is a leading cause of
pediatric end-stage renal disease (Yosypiv et al., 2008). The present
study demonstrated that Trps1 caused preferential inhibition of UB
cell apoptosis but promoted cell proliferation. It is possible that the
increased expression of c-Ret and GDNF is due partly to enhanced
cell proliferation in the UB tips and survival of the UB cells, leading to
UB branching (Yosypiv et al., 2008). Accordingly, the decreased
mRNA levels of c-Ret and GDNF in E14.5 and E16.5 kidneys might
be the reason for the reduced proliferation observed in the Trps1 KO
kidneys. In addition, it is reasonable for cell proliferation in the Trps1
KO UBs to be suppressed because TGF-β signaling suppresses the
proliferation of epithelial cells (Seoane, 2006).
Smurf2
Fig. 9. Schematic representation showing the molecular mechanism by which the inhibition of TGF-β1 signaling controls ureteric bud branching. In WT UB cells, virtually no
TGF-βsignaling is transduced to the nucleus, not only because TGF-β1 expression is suppressed by Trps1, but also because this pathway is inhibited by Smad7, Smurf2,and
c-Ski. Smad7 and c-Ski are not degraded, and the levels of Arkadia1, Rb1cc1, and TGF-β1 expression arerepressed by Trps1.However, in KO UB cells, the loss of Trps1
upregulatesthe expression of TGF-β1, Arkadia1 and Rb1cc1 to promote TGF-β signaling by increasing p-Smad3.The last two proteins promote the degradation of Smad7 and
c-Ski in lysosomes, resulting in reduced inhibition of p-Smad3. In addition, an increased amount of TGF-β1 surrounding the UB tips increases p-p38 expression, leading
toadditional apoptosis in the UBs, and thereby suppressing UB branching.
T. Gui et al. / Developmental Biology 377 (2013) 415–427426We speculate that the apoptosis of UB cells induced by the loss of
Trps1 plays an important role in subsequent UB branching and
directional bud elongation. Although the mechanisms by which Trps1
regulates UB cell apoptosis are not currently known, it has been
reported that a cyclic stretch of UB cells induces TGF-β1-mediated
apoptosis via p38 (Fujita et al., 2010). P38 acts as either an upstream or
downstream signaling component of the TGF-β1 pathway in UB cells.
TGF-β1 activates MAPK signaling through phosphorylated SchA, which
recruits Grb and Sos, thereby activating Ras and downstream MAPKs
(Gui et al., 2012). P38 has also been shown to mediate increases in
TGF-β1 production induced by various stimuli in a variety of cells
(Fujita et al., 2010). In proximal tubular cells, p38 mediates high
glucose-stimulated TGF-β expression (Fujita et al., 2004).
The results of the present study clearly showed how TGF-β/
Smad3 signaling regulates the growth and branching of UBs.
Isolated Trps1 KO UBs show decreased branching, without inter-
acting with mesenchymal cells, indicating that the loss of the
Trps1-induced inhibitory effects on UB branching is largely due to
aberrantly increased TGF-β/Smad3 signaling in UB cells. Indeed, a
morphometric analysis of the effects of TGF-β1 and a Smad3
inhibitor on the growth of the isolated UBs clearly demonstrated
the role of TGF-β/Smad3 signaling in suppressing UB branching.
Bipolar spatiotemporal gradients of morphogenetic growth factors,
including GDNF and TGF-β1, in the surrounding mesenchymal and
stromal cells would presumably affect growth factor-mediated
signaling pathways in the tips and stalks of the UBs (Nigam and
Shah, 2009). The balance between positive (GDNF, RET) and
negative signals (TGF-β/Smad3 signaling) could, in turn, affect cell
proliferation, apoptosis, and migration to modulate the branch
points, length, and angle of the establishing UB trees.
In conclusion, when Trps1 is lost, TGF-β signaling is promoted in
KO embryonic kidneys, with concomitant upregulation of Arkadia1
and Rb1cc1, which degrade Smad7 and c-Ski, inhibitors of TGF-β
signaling. Increased TGF-β signaling and decreased amounts of
Smad7, c-Ski, and Smurf2 may result in increased levels of p-Smad3,
further promoting TGF-β signaling. These defects induce thesuppression of cell proliferation and increase apoptosis in UB cells,
thereby suppressing UB branching (Fig. 9). A previous study by our
group addressing kidney ﬁbrosis induced by unilateral ureteric
obstruction demonstrated that Trps1 inhibits Arkadia expression,
thereby reducing the activation of TGF-β/Smad3 signaling through
Smad7 (Gai et al., 2010). It is intriguing that the results of the present
study on the suppression of UB branching in KO embryonic kidneys
indicate a common mechanism shared with the more severe ﬁbrosis
caused by unilateral ureteric obstruction in KO adult kidneys. Under-
standing the mutual relationship between Trps1 and TGF-β/Smad3
signaling should provide great insight into the process of kidney
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